OBJECTIVE: Saturated fats have adverse effects on health. To investigate which is more bene®cial for energy replacement, we compare the effects of polyunsaturated fatty acid and carbohydrate intake on obesity and metabolic variables (fasting triglycerides, HDL-cholesterol, LDL-cholesterol and 2 h glucose). Further, because the optimum diet may differ according to glucose tolerance, we examine the same associations in glucose tolerant and intolerant groups. Finally, we test the effect of macronutrient intake on the presence or absence of the metabolic syndrome. DESIGN: Cross-sectional analysis. SUBJECTS: A total of 4497 men and 1865 women aged 39 ± 62 in the Whitehall II study. RESULTS: In men, higher intakes of both polyunsaturated fats and carbohydrates were linked to lower waist ± hip ratio, triglycerides and LDL-cholesterol. Higher carbohydrate intake alone was linked to decreased body mass index (for 10 g higher carbohydrate intake, À0.12 kgam 2 , P`0.0001) and lower HDL-cholesterol (À0.01 mmolal, P`0.01). In normoglycaemic men, higher carbohydrate intakes were associated with higher 2 h insulin and glucose levels (0.25 pmolal, P`0.05 and 0.01 mmolal, P 0.001, respectively). Dietary effects among women were similar, the exception being a positive association of polyunsaturated fat intake with body mass index and waist ± hip ratio (0.47 kgam 2 , P`0.05 and 0.006, P`0.05, respectively). Dietary components, with the exceptions of cholesterol and protein in men, were unrelated to prevalence of the metabolic syndrome, and adjustment for differences in macronutrient intake did not account for the strong inverse association between socioeconomic position and the metabolic syndrome. CONCLUSION: Our observational data provide evidence that both polyunsaturated fatty acids and carbohydrates offer small metabolic bene®ts with few adverse effects compared with saturated fats.
Introduction
Of®cial dietary recommendations 1, 2 for the prevention of obesity and cardiovascular disease emphasize reduction of total fat intake and its replacement with carbohydrates, particularly complex carbohydrates. 3, 4 However, it is known that (1) high carbohydrate intake imposes a demand for insulin secretion in order to maintain glucose homeostasis, 5 and (2) a high carbohydrate diet is associated with a raised fasting triglyceride level, 5 primarily due (at least in type 2 diabetes mellitus) to increased hepatic secretion of very-low-density lipoproteins (VLDL). 6 Further, it appears from a systematic review of controlled trials 7 that polyunsaturated fatty acids and monounsaturated fatty acids have advantageous effects on high-(HDL) and low-densitylipoprotein (LDL) cholesterol fractions, compared with carbohydrates.
The metabolic syndrome, or syndrome X, is a cluster of risk factors that increases the risk of coronary heart disease. 5 In this study it is de®ned as being in the adverse quintile for three out of the following ®ve variables: fasting triglycerides, fasting HDL-cholesterol, waist ± hip ratio, 2 h glucose level and systolic blood pressure. Therefore we examined the associations between macronutrient intake and metabolic syndrome variables by cross-sectional analysis. Our analysis focused on the comparison of the effects of dietary carbohydrates with those of fat fractions on obesity and metabolic variables. Diet data were obtained using a semi-quantitative food frequency questionnaire 8 ®lled out by the Whitehall II cohort in the phase 3 follow-up (1991 ± 1993) . Univariate and multivariate regression was used for analysis of all men (n 4497), aged 39 ± 62, and women (n 1865), aged 39 ± 62, who had complete information.
Methods
Subjects Subjects in this study were participants in the Whitehall II longitudinal study of British Civil Servants. The Whitehall II cohort comprises 10 308 male and female non-industrial civil servants, age 39 ± 62, who at the time of recruitment were working in the London of®ces of 20 departments. All non-industrial civil servants working in these of®ces were invited to participate. The overall response rate was 73%, although the true response was probably higher as inquiries in one department showed that 4% of those invited to participate had moved before the study began, and were therefore ineligible for inclusion. Participants were enrolled in the study between October 1985 and March 1988. At the time of enrolment they completed a self-administered health questionnaire and attended a health screening clinic. 9 Between September 1991 and May 1993, 8104 participants completed a follow-up questionnaire and attended the second health screening clinic. 10 Because of relatively small numbers, participants not of European origin were excluded from the analysis to yield a study sample of 4978 men and 2035 women. Of these, 481 (9.7%) men and 170 (8.4%) women had incomplete data and were dropped from the analysis of the food frequency questionnaire variables (4497 men and 1865 women). In all, 4480 (90.0%) men and 1863 (91.5%) women were used in the metabolic syndrome analysis.
A doctor's diagnosis of heart attack or angina pectoris, which may in¯uence dietary and other health behaviours, was reported by 126 (2.8%) men and 27 (1.4%) women. Exclusion of this group did not materially change results and the group was retained for the analysis.
The food frequency questionnaire Participants attending the second clinic were asked to take home and complete the semiquantitative food frequency questionnaire developed and described in detail by Walter Willett.
11 A total of 7939 study participants (98%) completed the questionnaire.
A common unit or portion size for each food (eg one egg or one slice of bread) was speci®ed, and participants were asked how often, on average, they had consumed that amount of the item during the previous year. The nine responses ranged from`never or less than once per month' to`six or more times per day'. Nutrient intake was computed by multiplying the frequency of consumption of each food by the nutrient content of the speci®ed food using standard portion sizes.
Phase 3 participants were also asked to take home and complete an open-ended, estimated portion, 7 day diet diary (7DD), described previously. 12 Seventy-three percent of participants returned diaries. Due to the resources necessary for coding, a subsample of 869 (11%) was coded and analysed.
Employment grade
Employment grade within the Civil Service was used as a measure of socioeconomic position. It was categorized into six grades: grade 1 consists of subjects in uni®ed grades 1 ± 6 (annual salary range at 1 August 1992, £28 904 ± 87 620), grade 2 is equivalent to uni®ed grade 7 (£25 330 ± 36 019), grade 3 is Senior Executive Of®cer (£18 082 ± 25 554), grade 4 is Higher Executive Of®cer (£14 456 ± 20 850), grade 5 is Executive Of®cer (£8517 ± 16 668), and grade 6 is Clerical and Of®ce Support staff (£6483 ± 11 917).
Blood collection and analysis
Blood samples were collected following either an 8 h fast (participants presenting to the clinic in the morning), or at least 4 h after a light fat-free breakfast (subjects presenting in the afternoon). Venepuncture of the left antecubital vein was performed with tourniquet. Blood was collected into plain, citrate or¯uoride Sarstedt monovettes. After centrifugation, samples were immediately frozen at À80 C and stored until assay. Serum for lipid analysis was refrigerated at À4 C after processing and analysed on the following working day. Glucose was determined in¯uoride plasma by an electrochemical glucose oxidase method. Serum insulin was measured by radioimmunoassay using a polyclonal guinea-pig antiserum. The oral glucose tolerance test was administered following an overnight fast or in the afternoon after no more than a light fat-free breakfast eaten before 08:00 h. After the initial venous blood sample, participants drank 389 ml Lucozade' (equivalent to 75 g anhydrous glucose) over 5 min. A second blood sample was taken 2 h later.
Cholesterol and triglycerides were measured using a Cobas Fara centrifugal analyser. Total cholesterol was measured using the cholesterol C-system enzymatic colorimetric method (CHOD-PAP Boeringer Mannheim). HDL-cholesterol was determined by precipitating non-HDL-cholesterol with dextran sulphate ± magnesium chloride using a centrifuge and measuring cholesterol in the supernatant. LDLcholesterol was calculated using the Friedewald equation (range of triglyceride levels: men 0.22 ± 4.49, women
What is an optimal diet? EJ Brunner et al 0.16 ± 4.49 mmolal). Technical error was estimated by assaying blinded duplicate samples for 5% of subjects. Coef®cients of variation were 2.0 ± 6.6% for glucose, cholesterol, triglycerides and HDL cholesterol, and 23% for insulin.
Anthropometry
Weight was measured to the nearest 0.1 kg using an electronic scale with participants dressed in a cloth gown and underclothes. Height was measured to the nearest centimetre using a stadiometer, with participants barefoot and their head tilted to the Frankfort plain position. Waist and hip circumferences were measured to the nearest 0.1 cm using a ®berglass tape measure held at 600 g tension. Waist circumference was measured at the narrowest point or at the costal margin. Hip circumference was measured at the most lateral point on the greater trochanter.
Repeated measures
A sub-sample of 323 subjects returned after 2 ± 4 weeks in order to estimate reliability (between-person variability as a proportion of total variability). Reliability for the anthropometry, estimated by intra-class correlations, was 0.93 or better except for hip circumference in women (0.86). For 2 h glucose and insulin, respectively, 8.7 and 6% of betweensubject variation, and 10.3 and 4.9% of within-subject variation was attributable to time of sample.
Statistical analysis
Nutrient intakes were examined in two ways: as individual variables adjusted for total energy, and as crude variables mutually adjusted. Energy-adjusted nutrient intakes were calculated as the residuals from regression models with absolute nutrient intake the dependent variable and total caloric intake the independent variable. 13 Energy adjusted intake in Table 1 is presented as the sum of the residual and the expected intake of the given nutrient at the mean caloric intake of the study sample. 13 All statistical analyses were performed using SAS (SAS, Cary NC).
The correlations between variables were measured using Pearson correlation coef®cients, and other analysis was performed using univariate and multivariate linear and logistic models. All univariate analyses used individually energyadjusted variables and included adjustment for age only. Adjustment for employment grade as well as age was tested and did not signi®cantly alter results. Similarly, adjustment for self-reported physical activity (noneamild, moderate, vigorous), and in women menopausal status, had trivial or zero effect on the coef®cients in the main table (Table 3) .
Multivariate analysis included adjustment for age and alcohol intake (two variables, one for units of alcohol and the other for units of alcohol squared were included to allow for non-linear effects of alcohol).
14 Other variables included in the multivariate models are listed in the footnotes to the relevant tables. For the multivariate analysis of total fat, fat fractions were not included in the model since this would produce redundancies of caloric intake. Likewise, multivariate analyses of the fat fraction data did not adjust for total fat, but did adjust for the other fat fractions. Table 1 shows the baseline statistics for the food frequency questionnaire and metabolic syndrome analyses. The means and standard deviations for body mass index, waist ± hip ratio, diet and metabolic variables are given; both crude and energy adjusted values are included for the diet variables. Correlations among the key variables are shown in Table 2 . All dietary variables were energy adjusted to eliminate confounding due to total energy intake. 13 The different fat fractions tended to be strongly correlated with each other, most likely because of shared food sources. What is an optimal diet? EJ Brunner et al
Results
The associations of dietary components with central obesity and metabolic variables were examined (Table 3) using both univariate (age-adjusted) analysis and multivariate analysis, controlling for intake of other macronutrients and alcohol. All coef®cients with P-values 0.20 are shown, with signi®cant values (P 0.05) in bold. Coef®cients give the change in the dependent variable for a 10 g higher intake of the nutrient (10 mg for cholesterol).
Higher polyunsaturated fatty acid intake in men was associated with a lower waist ± hip ratio, lower serum triglycerides, and lower LDL-cholesterol. The relationship with HDL-cholesterol was not conclusive, as only age-adjusted analysis showed an inverse relationship. In women, the signi®cant correlation of polyunsaturates was with an increased body mass index and waist ± hip ratio, and decreased HDL-cholesterol. Increased carbohydrate intake in men was associated with a decreased waist ± hip ratio, as well as with a decreased body mass index. Like polyunsaturates, carbohydrate intake in men showed the same inverse associations with triglycerides and LDL-cholesterol, but also showed an inverse association with HDL-cholesterol. A few of these correlations were paralleled in the women, with body mass index, waist ± hip ratio, and LDL-cholesterol showing an inverse relationship only in the univariate model, while HDL-cholesterol showed an inverse association with carbohydrate intake. Polyunsaturated fats and carbohydrates thus show similar effects on health markers in this analysis.
The same analysis was performed on nutrient data derived from the 7 day diary. Due to the small numbers (total n 869), few signi®cant associations were seen. Where visible, most reinforced the relationships shown in the analysis of the food frequency questionnaire data (data available from authors).
Associations of polyunsaturated fats and carbohydrates with obesity and metabolic variables were further analysed by 2 h glucose tolerance sub-groups (Table 4 ). This analysis addresses the possibility that the optimum diet may differ according to glucose tolerance. Male participants in the bottom 1 ± 4 quintiles (n 3691) were considered normoglycaemic (2 h glucose 1.6 ± 6.5 mmolal) and separated from those in the top quintile (n 806; 2 h glucose 6.6 ± 23.5 mmolal). Women were not included here because of smaller numbers. What is an optimal diet? EJ Brunner et al Among normoglycaemic, but not hyperglycaemic, men there were inverse associations of polyunsaturated fat intake with central obesity, triglycerides and LDL-cholesterol. There were no signi®cant effects on 2 h insulin in normoglycaemics, or 2 h glucose in either subgroup.
There were similar associations between carbohydrate intake and health markers in normoglycaemic and hyperglycaemic men. Carbohydrate intake was inversely associated with body mass index, central obesity, triglycerides (univariate analysis only) and HDL-cholesterol (univariate analysis only) in both groups. However, 2 h insulin, and to a lesser extent glucose, appear to be increased at high carbohydate intake (univariate analysis only) in the normoglycaemic group. Among men who are glucose intolerant there is a suggestion of a reversal in trend for 2 h glucose. Few associations were visible for the women, most likely because the groups were smaller (top quintile n 380). Of the associations visible, most matched the trends of the men, with the Coef®cients show change in dependent variable for a 10 g increase in nutrient intake (for cholesterol 10 mg increase). All nutrient intakes are adjusted to the mean energy intake for men (see Methods). Age-adjusted coef®cients obtained from models controlling for age group only. Multivariate coef®cients obtained from models controlling for age group and reported alcohol consumption. Models for total fat control for intake of carbohydrate, protein and cholesterol. Multivariate models for fat fractions, carbohydrates, protein and cholesterol control for all nutrient intakes except total fat.
What is an optimal diet? EJ Brunner et al exceptions of a positive association for polyunsaturated fats and central obesity in the normoglycaemic group and strong inverse associations in the hyperglycaemic group with LDLcholesterol, and 2 h glucose (data available from authors). Associations of polyunsaturated fats and carbohydrates with 2 h insulin have been included in this analysis, but only for the normoglycaemic group. This is due to the dif®culty of interpreting 2 h insulin levels in those people progressing towards diabetes, who may or may not have suf®cient pancreatic insulin reserves to deal with the 75 g glucose challenge.
Alcohol intake was examined as a risk marker for central obesity and metabolic variables (Table 5 ). In men, alcohol intake above 21 units per week was identi®ed as a strong risk marker for increased body mass index, waist ± hip ratio, triglycerides, and decreased HDL-cholesterol. High alcohol intake among men was associated with low 2 h glucose. Alcohol appeared protective for all metabolic factors in women who are lowamoderate drinkers, although the link with low 2 h glucose was not signi®cant.
The probability of having metabolic syndrome according to tertiles of nutrient and alcohol intake is shown in Table 6 . What is an optimal diet? EJ Brunner et al
Metabolic syndrome cases were de®ned as being in the adverse quintile for three out of the ®ve following variables: fasting triglycerides, fasting HDL-cholesterol, waist ± hip ratio, 2 h glucose level and systolic blood pressure. 10 Intake of fat, fat fractions, carbohydrates and alcohol appeared to be broadly unrelated to prevalence of the metabolic syndrome. The top third of cholesterol consumers in both sexes, and the top third of protein consumers in men showed some increased risk for the metabolic syndrome.
There is an inverse social gradient in the prevalence of the metabolic syndrome in the Whitehall II cohort (10), with a 2 ± 3 fold increased risk in the lowest grade compared to the highest. In further analysis we examined the effect of dietary factors on this relationship. Diet did little to reduce the gradient when macronutrient intakes were included as an explanatory variable in the model (Table 7) .
Discussion
In this large cross-sectional study of diet in British civil servants, we found that carbohydrates and polyunsaturated fats appear to have similar bene®cial correlations with obesity and individual metabolic markers. Higher intake of both these components was linked to bene®ts with regard to central obesity, fasting triglyceride and LDL-cholesterol levels. In contrast, higher carbohydrates were linked with lower HDL-cholesterol as well as showing some evidence of association with raised 2 h insulin and glucose in normoglycaemics. Polyunsaturated fat intake showed no protective effect on body mass index, weaker evidence in relation to HDL-cholesterol, and no effect on 2 h insulin or glucose levels.
Decreasing total fat intake is now recognized to be less important than decreasing saturated fat intake for the maintenance of good health. 1 But the question of what to substitute for saturated fats in the diet remains unresolved. Both unsaturated fats and carbohydrates have been suggested as replacement for saturated fat, with carbohydrates generally favoured. The argument for replacement with carbohydrates has focused on the bene®ts for lipids, weight loss and increased insulin sensitivity. 3 Meanwhile, Reaven has long argued against a high-carbohydrate diet, citing evidence reinforced by our own ®ndings, namely that HDLcholesterol levels tend to be lower and insulin resistance appears to be aggravated by this dietary pattern. 5 We have addressed the question of whether or not differences exist depending on glucose tolerance status, as most other studies have focused on either normoglycaemics or hyperglycaemics, but not both. In our data, there is a suggestion that the positive in¯uence of high polyunsaturated fatty acid intake may be greater for normoglycaemic men than for hyperglycaemic men. Carbohydrates in normoglycaemic men were adversely correlated with 2 h insulin and glucose. This is consistent with most of the studies that ®nd carbohydrates have no effect or a deleterious effect on insulin levels. These studies have primarily examined groups of healthy (normoglycaemic) men. 15 ± 17 However, the examination of the effect of carbohydrate intake on men with impaired glucose tolerance is a little different. Some groups have found that a high carbohydrate diet improves insulin sensitivity 18 ± 20 and others found no effect on insulin levels. 21 Our analysis showed no signi®cant relationship between carbohydrate intake and hyperglycaemia, with even a suggestion of a bene®cial effect on insulin levels Ð entirely consistent with other studies. High consumption of carbohydrates in normoglycaemic men may be deleterious for insulin resistance, but the ®nding of no effect from either carbohydrates or polyunsaturated fats on hyperglycaemic individuals suggests that these individuals may have more latitude in choosing replacement nutrients.
Few studies include a comparison of the bene®ts to be derived from monounsaturated vs polyunsaturated fats. Those that have examined the issue seem to ®nd little difference between the two. Hu et al found both monounsaturated fats and polyunsaturated fats to be bene®cial to women when looking at the risk of coronary heart disease, 23 while Ginsberg found no difference in metabolic variables of What is an optimal diet? EJ Brunner et al normal individuals when eating diets high in mono or polyunsaturates. 24 However, many isocaloric substitution diets do not distinguish between the two, or examine only one type of unsaturate. 16, 21, 25 Interestingly, in our population very little bene®t appeared to be gained by high intake of monounsaturates. For normoglycaemics, at least, polyunsaturates appear to be the more bene®cial fat substituent for saturated fat. It should be noted that our dietary methodology did not estimate intake of n-3 polyunsaturated fatty acids with high precision, and we have, like others, 23 treated polyunsaturates as a single category.
The consistent lowering of triglycerides by all dietary components in men, especially given the general consensus that carbohydrates tend to raise triglycerides, 6, 16, 26 cannot be easily explained. Furthermore, fewer effects, and some inconsistencies, were visible in the results of analysis of food frequency questionnaire data from the women, compared with the men. In particular, hyperglycaemic women appeared to have reduced 2 h glucose with high polyunsaturated fats, which was not an association found for men.
While we have been able to pinpoint factors that appear to in¯uence obesity and individual components of the metabolic system, the presence or absence of the metabolic syndrome as de®ned (Syndrome X, as described by Reaven 22 with waist ± hip ratio added as a ®fth component) appears to be relatively unaffected by dietary factors. We have previously reported an inverse social gradient in the prevalence of the metabolic syndrome. 10 However, diet as a mediating factor was not tested. When nutrient intakes were added to a regression model for the metabolic syndrome, the social gradient risk remained largely unaltered. The implication is that dietary differences may not explain the social gradient in metabolic syndrome prevalence and we need to look elsewhere to explain the substantially different risks of developing the metabolic syndrome.
We were limited to data collected using the food frequency questionnaire due to the small numbers and long coding time associated with the 7 day diary. This is recognized as a potential problem; the questionnaire has been validated, 8 but it remains a less accurate appraisal method of food consumption, and even the 7 day diary data has been shown to be prone to reporting bias, 12 speci®cally in the form of low energy reporting. We have tried to control for reporting bias due to general low energy reporting by presenting two different analysis methods (individual energyadjusted variable univariate analysis and crude variable multivariate analysis). Analysis of variables was also run using a multivariate model with individually energyadjusted variables, but this did not signi®cantly change the results. However, reporting bias remains a problem due to the possibility of selective reporting of nutrient components.
A further concern is the limitations of a cross-sectional analysis, which restrict the conclusions that can be drawn from the results with respect to causality. However, our analysis has the bene®t of examining real diets as opposed to the arti®cially imposed isocaloric substitution often used in experimental studies. Moreover, the endpoints we examined, namely obesity and metabolic variables, represent true values for individuals on normal diets, since the dietary habits of individuals were not disrupted, as in many experimental studies. A more de®nitive perspective will come when we can do a prospective analysis that includes diabetes and coronary events, as well as individual metabolic variables.
Much of the world increasingly has access to nontraditional dietary options. We have already seen an uncoupling of the relationship between income and fat intake around the world, 27 and the incidence of both diabetes and coronary heart disease continues to increase worldwide. It is essential to understand the effect of diet on central obesity, insulin resistance and related metabolic variables in light of these changing diets and the need to prevent cardiovascular disease.
In conclusion, our data suggest certain bene®ts are to be derived from both polyunsaturated fats and carbohydrates. While no dietary factors had a strong in¯uence on the metabolic syndrome as a whole, higher intakes of both polyunsaturated fats and carbohydrates appear to have small reducing effects on central obesity, as well as being linked with lower LDL-cholesterol and triglycerides. Carbohydrates do offer a unique bene®t for body mass index, but as mentioned above, central obesity has long been recognized as being more tightly linked than body mass index to the metabolic syndrome and coronary heart disease. 28 ± 30 Moreover, the extra bene®ts to be gained from carbohydrates appear to be offset by adverse effects on HDL-cholesterol, and some evidence of aggravation of high 2 h glucose and insulin levels.
Our cross sectional analysis suggests that there are both bene®ts and disadvantages to high levels of carbohydrate and polyunsaturated fat intake. Without clear-cut evidence in favour of one or the other, substitution of either of these nutrients for saturated fat appears equally bene®cial. establishment of®cers; the Occupational Health and Safety Agency; the Council of Civil Service Unions; all participating civil servants in the Whitehall II study; and all members of the Whitehall II study team.
